Introduction
Significant changes in global energy markets make it necessary to develop decentralised, novel, efficient and flexible energy technologies. Among conventional fossil fuels, natural gas is considered relatively cleaner (lower carbon footprint and emissions) [1] , and thus research into the development of novel gas based technologies is important to ensure clean and efficient power production. Fuel cells offer many advantages compared to conventional gas/steam turbine based electricity production in terms of efficiency and flexibility [2] . Fuel flexible, high temperature solid oxide fuel cells (SOFCs) are capable of internally converting hydrocarbon fuels like natural gas (methane), syngas into electricity and heat with high electrical efficiencies upto 60% [3] and low CO 2 , NO x , SO x emissions.
Internal methane reforming in SOFCs can be carried out either using mainly steam (methane steam reforming or MSR (Eqn. (1)) and/or CO 2 (dry reforming) as a reforming agent. Steam is still the most commonly used reforming agent, although the use of CO 2 is also being much researched upon in the recent past focussing on biogas as a fuel [4e6] . The endothermic MSR reaction produces syngas, a mix of CO and H 2 as shown in Eqn. (1) . The produced CO could also react with steam at high temperature via the water gas shift (WGS) reaction (Eqn. (2) ) to produce CO 2 (2) The possibility of direct internal methane reforming in SOFCs offers many advantages like high conversion efficiency, allows to overcome the need of an external reformer, reduce heat transfer and blower losses, cost and complexity. A fully integrated SOFC unit also helps to avoid extensive fuel preparation facilities. However, despite these advantages there exist multiple challenges to safely and continuously operate direct internal methane reforming SOFCs. Major issues arise due to difference in reaction rates, location of occurence and thermodynamic behaviour between the MSR reaction and the electrochemical oxidation reactions (Eqn. (3)). The electrochemical reaction(s) is responsible for the flow of electrons and ions thereby producing current, steam, power and heat. The interaction between the slower MSR reaction and exothermic H 2 electrochemical oxidation is complex and not well understood.
Nickel (Ni) based anodes have been used widely in SOFCs, as Ni is a well known methane reforming catalyst [10] . Due to the large number of catalytic (Ni) sites available in the porous anode, the MSR reaction is relatively fast [11] . In addition to H 2 , CO could also undergo direct electrochemical oxidation, however H 2 oxidation is reported to be more preferential, particularly on Ni and ceria based anodes [12] . The MSR reaction is endothermic, while the WGS reaction is slightly exothermic. This in combination with different reaction rates leads to undesirable temperature gradients in the anode. However, the heat released by the electrochemical reactions in the SOFC helps promote the MSR reaction. The main focus towards ensuring safe and long term SOFC operation with internal MSR would be reduce these undesirable temperature gradients in the cell/stack. Furthermore, the presence of Ni in the hydrocarbon fuelled SOFC anode also promotes carbon formation and deposition, which causes rapid cell degradation.
An important step to reduce these temperature gradients and carbon deposition within methane(or natural gas) fuelled SOFC anodes is to improve our understanding on MSR reaction kinetics, both under open circuit conditions and in operating mode i,e under the influence of current. Sophisticated and intrinsic micro kinetic models have been developed in the past [13, 14] to accurately predict species, temperature and electrochemical parametric distribution across the anodes using elaborate heterogeneous reaction mechanisms. However, MSR global reaction kinetics on Ni catalysts has also been extensively studied experimentally in the past decades by numerous researchers, particularly using test catalytic reactors and catalyst beds [4,15e20] . Since the last decade, experimental research has also been carried out on MSR global kinetics in Ni based SOFC anodes. A comprehensive review on these studies can be found in multiple review articles [1, 19, 21] . Internal MSR global kinetic studies on SOFCs in literature can be broadly classified in 3 categories, based on the type of reaction rate expression used: power law (PL) expressions, first order (FO) in methane and Langmuir-Hinshelwood (LH) type expressions [11] . The three approaches differ significantly with respect to the their assumptions, making the choice for a rate expression challenging. The PL approach simplifies the analysis a lot by ignoring the reaction mechanism and elementary steps while with LH expressions, care has to be taken in formulating the rate expression using appropriate adsorption/desorption parameters. The FO kinetic models can be considered as a subset of the general LH kinetic models with dissociative adsorption of methane as the only rate determining step, resulting in a reaction rate dependence only on the partial pressure of methane.
There are often large overlaps in the use of MSR reaction rate expressions among industrial catalyst studies and cermet SOFC anode studies. However an important aspect to keep in mind is that, with a cermet anode, the ceramic is generally an oxygen-ion conductor while with industrial catalysts the support material (e.g, alumina) is not. Additionally the porous structure in a cermet anode is not the same as in a catalyst bed. There has been no study in literature which brings out the limitations of using MSR rate expressions for SOFC cermet anodes, previously developed for industrial Ni catalysts. In order to improve and fully understand SOFC performance with internal MSR, researchers have to carry out extensive experimentation with complete SOFC cermets/cells/ stacks not only in open circuit conditions but also under the influence of current. Table 1 shows a summary of the relevant internal MSR kinetic studies (experimental) reported in literature using Ni based SOFC cermet anodes. The assumed reaction rate expression and its type has been listed with important operating parameters like the cell temperature, steam to carbon ratio and current density. The table clearly shows that the reported kinetic parameters (activation energy E a , pre-exponenetial factor (k), reaction orders) differ significantly and thus it is very challenging to attain consensus. It is not appropriate to compare the results on a quantitative basis from these studies, as they have been carried out in a varied set of operating conditions, test benches and cell geometries. Furthermore, the approach for experimental data management and analysis (for eg, fitting of parameters, error estimation etc.) also varies widely.
The table further shows the lack in experimental efforts on MSR kinetics with operating SOFCs i,e under the influence of current. Despite the additional complexity introduced due to current, it is important to obtain experimental data and establish kinetic trends for the MSR reaction in operating SOFCs. Majority experimental investigations on internal MSR on SOFCs have been carried out with high steam to carbon.
(S/C) ratios ( > 1.5), mostly for safe operation and to prevent carbon deposition. Steam is an expensive commodity in industry and in order to reduce steam consumption while operating Ni based SOFCs with methane as fuel, it is important to conduct experiments with lower S/C ratios. Only a few research groups have conducted tests with relatively low S/C ratios ( < 1.5) as seen from Table 1 .
Another important aspect not clearly reported by experimental studies in literature is the effect of the metallic current collector (mesh) itself on methane reforming. Studies on MSR kinetics using SOFC cermet anodes (Table 1) in literature often do not investigate the influence of the current collector (mesh) itself on reforming, assuming it to be negligible and without providing adequate justification. The mesh used is usually metallic (like Ni/Pt) which, as aforementioned, is a good reforming catalyst. No study has been found in literature which tries to adequately quantify the extent of reforming on the Ni/Pt mesh. In the investigation reported by Souentie et al. [26] , the authors have mentioned an insignificant catalytic rate on the Ni mesh, however no clear quantification has been reported.
A suitable combination of the SOFC anode material and operating conditions can ensure safe methane fuelled operation without significant carbon formation. Ceria has been of much interest as an anode material due to its high electrocatalytic activity without additives and its higher resistance to carbon deposition compared to the conventional YSZ material [12,32e35] . The polarisation resistance for H 2 oxidation on ceria is shown to be lower than purely Ni based anodes [36] . Furthermore, MSR activation energies with ceria doped anodes are also reported to be lower than Ni-YSZ anodes [23, 29] . Gadolinium doped ceria (GDC) has been of much interest since the recent past as a SOFC anode material due to its improved performance with direct utilization of methane [32,35,37e39] . Ni-GDC cermet anodes have been used to investigate reforming kinetics in the past [7, 26, 40] particularly due to their high electrocatalytic activity, resistance to carbon deposition and relatively higher contaminant (like H 2 S/HCl) tolerance.
MSR global kinetic studies comparing Ni-YSZ anodes with ceria based anodes have been carried out previously [31] and it has been shown that ceria plays an important role in methane conversion and charge transfer chemistry. However, there have yet been no major efforts on carrying out global and intrinsic kinetic studies on Ni-ceria based anodes with low S/C ratios.
The lack in experimental investigations on internal MSR in operating SOFCs also adversely affects modeling research. SOFC models are helpful tools as they allow us to predict temperature profiles/gradients within the cell/stack and thereby develop optimal operating conditions. Since the last few years, extensive modeling efforts have been taken by multiple research groups towards modeling SOFCs with internal MSR. Many types of models (CFD, steady/dynamic state sytems, cell/stack design concepts, micro-models) have been developed and reported in literature, an elaborate review on which can be found in many articles [1,11,19,41e45] . Sophisticated and state of the art intrinsic models developed for Ni-YSZ anodes and high (around 3e4) inlet S/C ratios [13, 14] are extremely helpful in fundamental understanding and in obtaining accurate local sensitivity of various parameters to cell performance. However, such models need an extensive and validated heterogeneous multi-step reaction mechanism to solve the coupled set of transport equations. Additionally, solving the coupled set of equations is a very challenging task due to the large number of involved species, complexity to incorporate effects of distributed electronic/ionic potentials and the numerical stiffness of the equation set.
SOFC system developers and manufacturers rely largely on dynamic models (both system level and CFD) for operation and control, wherein, implementation of such elaborate reaction mechanisms is extremely complex [46] and computationally expensive. Many research groups have developed dynamic SOFC cell/stack/system level models wherein MSR kinetics is accounted for using first order (FO) or LH rate expressions [47e50]. However, adequate justification on the use of these rate equations in dynamic models is never reported. The authors agree that based on rigorous micro-model analysis, appropriate rate determining steps could be determined to develop more applicable global kinetic models and subsequently be used to develop reliable dynamic models.
A recent article by Ahmed et al. [51] has further pointed out the effects of using two rate expressions (of PL and FO type) on operating parameters like current density, temperature and cell voltage using a 1-D model. Development of reliable SOFC models requires reliable experimental data in terms of kinetic parameters. Reaction rate expressions using one of the 3 aforementioned approaches (PL/ FO/LH) are fitted for the experimentally obtained methane conversion data with appropriate optimization scripts/subroutines to obtain various kinetic parameters. Despite significant progress in the conceptual formulation of MSR reaction rate expressions using these approaches, there exists a shortage in experimental efforts with Ni-ceria anode based operating SOFCs. Additionally a comparison between the kinetic approaches using experimental data has never been reported.
In a nutshell, this article highlights the importance of carrying out experimental internal MSR global and intrinsic kinetic studies with complete Ni-ceria cermet anodes under the influence of current and further brings forward some limitations of using previously proposed rate equations to study global MSR kinetics on complete cermet anodes. A step by step experimental approach to study global MSR kinetics is presented with a focus on low inlet S/C ratios (around 1) and moderate current densities (I c ) upto 3000 A (m 2 )
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. Experiments have been carried out using a planar electrolyte supported (ESC2) cell with a Ni-GDC anode under varying operating conditions of gas composition, temperatures and current densities. As the first step, the influence of the Ni current collector (mesh) on methane reforming has been shown. Kinetic trends have been established using both power law (PL) and LangmuirHinshelwood (LH) rate formulations for relatively low inlet steam concentrations (S/C around 1) and moderate current densities and a 1þk:
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first of its kind comparison has been presented to assess the suitability of using different rate expressions. This work is helpful to further verify rate and species distribution with future experiments and to design a more robust experimental approach incorporating the effects of metallic current collectors on MSR in Ni-based SOFCs. The presented data can be directly utilized for steady-state system and CFD model validation. Fig. 1 shows a schematic of the experimental test bench used in the study. Dry gases (CH 4 , H 2 , O 2 and N 2 ) are fed to the SOFC from gas bottles using calibrated mass flow controllers (Bronkhorst ELFlow Series) and pressure reducers. Steam is added to the dry inlet gas mix using a Bronkhorst controlled evaporator mixer (CEM) where the dry gases are mixed with controlled amount of water vapour. The anode inlet pipe is heat traced to maintain an inlet gas temperature of 120 C. Hence all calculations including volume flow rates and S/C ratios have been carried out at this temperature. Simulated air (1200 mln min À1 N 2 , 300 mln min À1 O 2 ) is used at the cathode inlet. The cathode off-gas is directly vented out. In order to calculate methane conversion (x) in the SOFC anode, the anode outlet gas was analyzed using a Agilent 490 micro GC. The micro GC consists of a Molsieve 5A column to measure the flow fraction of H 2 , CH 4 , CO and a PoraPLOT U column to measure the concentration of CO 2 . The micro GC output concentrations were normalized to calculate the mole fractions of the various gases. To cool the anode outlet gas and prevent moisture entering the micro GC columns, a water filled bubbling condenser and a desiccant bottle (filled with silica gel) is used before the micro GC. A mass flow meter is then used to measure the total dry anode outlet flow. The system is operated at ambient (atmospheric) pressure. An electronic load unit (Kikusui, PLZ603W), supported with a compensation voltage unit (as power supply) is used for applying current to the cell. The load unit is operated in a constant current mode. Commercial electrolyte supported cells (ESC2, manufactured by H.C Starck) were used to carry out the experimental investigation. The planar sqaure cell (9 Â 9 cm active area) is placed on a square ceramic (alumina) block in a quadratic electrically heated (in presence of nitrogen) furnace which consists of a platinum current collector (or mesh) on the cathode side and a nickel mesh on the anode side. The cell consists of a 35 mm thick NiO-GDC (NiGd 0.1 Ce 0.9 O 1.95 ) anode, 100 mm YSZ electrolyte and a 40 mm LSM (La 1Àx Sr x MnO 3Àd ) cathode. The anode consists of about 57% wt NiO. The planar cell is sealed gas tight in the ceramic block using Thermiculite (mica) seals both on the anode (0.3 mm thickness) and cathode (0.7 mm thickness) sides. Additional weight was added using a ceramic column on top of the block to ensure gas sealing.
Experimental

Equipment and planar cell description
Experimental methodology and current-voltage (I-V) characteristics
The NiO-GDC cell was reduced with a standard procedure at a temperature of 950 C. A high reduction temperature has been used for an improved cell performance in consultation with SOFC manufacturers. The reduction procedure involved a gradual increase in the H 2 feed from a low H 2 concentration of about 2% (vol) to 100% over a period of 4 h. The cell was first tested for its performance with pure H 2 . The area specific resistance (ASR) on pure H 2 at
The central aim of this study is to investigate MSR kinetics in operating Ni based SOFCs with lower steam concentrations (S/C around 1.0) at the anode inlet. In order to asses the effect of gas composition, 7 gas mixtures have been defined as shown in Table 2 . The table gives the inlet gas composition in vol % and also the steam to carbon (S/C) ratio. A, B, C and D represent gas compositions with increasing steam partial pressure while D, E, F and G represent gas compositions with increasing methane partial pressure. The N 2 flow is calculated to add up to a total inlet gas flow rate of 1200 mln min À1 (at T ¼ 120 C). The high total volumetric flow ensures flooded conditions and hence also results in low fuel utilizations. Minimal amount of H 2 was added to ensure a reducing environment in the anode. The experiments have been carried out at 3 different cell temperatures: 830 C, 800 C and 770 C. Current imposed on the cell has been varied to obtain methane conversion data for current densities from 0 (open circuit conditions) to 3000 A (m 2 )
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. The calculated ASR was 1.61 U-cm 2 for composition A at
Starting with the highest temperature, the anode inlet gas compositions were varied sequentially as listed in Table 2 . For each inlet gas composition, the I-V characteristics and anode outlet gas composition have been obtained. The methane conversion (x) has been calculated based on the outlet gas composition (measured using Agilent 490 micro GC) and a carbon balance [4, 52] using Eqn. (4):
where y i denotes the mole fraction of gas species i. An important aspect to keep in mind to obtain y i is to ensure a steady outlet gas composition. It was observed that a steady conversion is obtained after 8e9 h. Experimental measurements with all 7 gas compositions have been carried out ensuring steady flow.
Kinetic model and parameter estimation
A kinetic model which calculates kinetic parameters based on the experimental methane conversion (x) is essential to establish trends and further understand the reaction kinetics. This section describes the kinetic model developed in this study using the power law (PL) and Langmuir-Hinshelwood (LH) rate formulation.
Ideal plug flow reactor (IPFR) assumption
The MSR reaction rate can be mathematically expressed based on an ideal plug flow reactor (IPFR) assumption. This assumption can be justified due to the relatively small fuel channel dimensions, low gas velocities and low Reyolds number. Such a mathematical formulation is also based on an assumption that there is no pressure drop across the reactor and no catalyst decay. In reality, this is not true particularly with pressurized reactors; however in this experimental work, a significant deviation is not expected due to operation at ambient conditions. The MSR reaction rate (r CH4 ) across an elemental volume dV can be expressed as in Eqn. (5):
where x is the methane conversion, F CH4 is the methane molar flow rate (mol s À1 ) and F CH4,0 is the methane molar flow rate (mol s À1 ) at the anode inlet. Integrating over the entire reactor volume V gives the rate equation as shown in Eqn. (6):
x out represents the methane conversion at the anode outlet. The MSR reaction rate can also be expressed in terms of the species partial pressures thereby linking important kinetic parameters such as rate constant (k), reaction orders (a) and activation energy (E a ). The following sections describe the reaction rate equations using the Power law (PL) and Langmuir-Hinshelwood (LH) formulations.
Power law kinetic model
A simplistic approach to quantify MSR reaction kinetics is to formulate the rate equation assuming a single step reaction. With the law of mass action, this essentially leads to a power rate law type rate equation [53] as shown in Eqn. (7). k is the rate constant which is independant of species concentration, but dependant on other variables that influence the rate. It can be calculated using the Arrhenius equation (Eqn. (8)). k 0 is the pre-exponential factor, R is the universal gas constant and T is the operating temperature in K.
Using Eqn. (6) and Eqn. (7), the rate constant k can be calculated per unit volume by evaluating the integral as shown in Eqn. (9):
The activation energy E a can be obtained from the slope of the Arrhenius plot using Eqn. (10)(based on Eqn. (8)).
In order to estimate kinetic parameters, the species partial pressures (p i ) need to be expressed as a function of the methane conversion (x). The methane partial pressure can be calculated as shown in Eqn. (11):
The partial pressures of different species have been expressed in terms of the methane conversion x. However, in order to relate all flow rates to the inlet methane flow rate (F CH4,0 ) and the total inlet molar flow rate (F total,0 ), a factor f is defined as in Eqn. (12) . Furthermore, the increase in the total number of moles due to the reforming reaction is also taken into account in the factor f. P is the total system pressure (atmospheric).
The hydrogen electrochemical reaction (Eqn. (3)) produces steam and this has to be considered while determining the partial 
where I the current in Amperes (A) and F ¼ 96485 C mol À1 is the Faraday constant. The simultaneous occurence of the WGS reaction (Eqn. (2)) has also to be taken into account to calculate p CO and p CO2 . The progress of the WGS reaction can be expressed as y ¼ x,x CO y represents the amount of methane that is converted to carbon dioxide. The value of y can be calculated using the equilibrium constant (K eq,wgs ) for the reaction as shown in Eqn. (14):
In order to reduce computation time, K eq,wgs has been calculated based on a temperature fitted equation [54] as shown in Eqn. (15) 
SC and HC represent the steam to carbon and hydrogen to carbon ratio at anode inlet respectively. p CO and p CO2 can then be calculated as shown in Eqn. (18) The driving force ( df ) gives information on the reaction equilibrium. For the MSR reaction, the driving force term ( df ) has been calculated for the various gas compositions and temperatures using Eqn. (21) :
Xu et al. [15] have carried out comprehensive work on intrinsic MSR reaction kinetics with Ni-MgAl 2 O 4 catalyst using LH rate expressions derived on the basis of a reaction scheme and rate determining step. They have formulated the rate expression on the hypothesis of dominant methane adsorption in line with many other literature studies [15, 25, 28] . The same presumption is also applied in this work in formulating Eqn. (23) . Furthermore, since a detailed reaction mechanism and rate determining step has not been determined in this work, a general rate equation has been formulated with respect to the steam and hydrogen partial pressure. Hence exponents a and b for the steam and hydrogen partial pressures respectively, are optimally calculated in the kinetic model. A similar rate formulation has been previously utilized in the past to investigate MSR kinetics on a Ni-alumina catalyst [17] . The LH rate equation used in this work thus differs from that postulated in the work of Xu et al. [15] particularly with respect to the variable effect of steam and hydrogen partial pressure (p H2O ,p H2 ) on the reaction rate. K CH4 and K H2O are the adsorption rate constants for methane and steam respectively. These adsorption rate constants can be estimated using an Arrhenius type equation as shown in Eqn. (24) Table 3 shows the calculated adsorption parameters for the LH kinetic model. The validity of the methane adsorption constants has been evaluated on the basis of a few thermodynamic criteria/guideline [15, 16, 58] that are helpful to evaluate if the adsorption parameters are consistent and thermodynamically meaningful.
1. Adsorption is exothermic i,e ÀDH CH4 > 0. A negative methane adsorption enthalpy means that this rule is satisfied.
2. Decrease in entropy after adsorption. i,e 0 < À DS CH4 < S 0 g;CH4 or expððÀS 0 g;CH4 Þ∕RÞ < A CH4 < 1. S 0 g;CH4 represents the standard methane entropy which has a value of 186.1 J (mol K)
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. Evaluation of expððÀS 0 g;CH4 Þ∕RÞ and Table 3 show that this rule is satisfied. 3. lnðA CH4 Þ ð12:2 À 0:0014:DH CH4 Þ∕R. Table 4 shows that this rule is also satisfied. Usually this value should be higher than 42 J (mol K) À1 and thus this rule is also satisfied (except for the higher temperature).
Using Eqn. (6) and Eqn. (23), the rate constant k can be calculated per unit volume by evaluating the integral as shown in Eqn. (26):
Whether the rate formulation is of PL or LH type, calculation of the rate constant/kinetic factor k requires optimization, since k should be independant of the composition (as stated in section 3.2).
For the power law case, the reaction orders a CH4 and a H2O are calculated for the minimum deviation in the value of k. The coefficient of variation (COV) (defined as the ratio of standard deviation to the mean) has been used as the parameter to be minimized. For the LH case, the exponents a and b for steam and hydrogen respectively are determined for the minimum COV in the value of k defined by Eqn. (26) . Activation energy for the LH rate expression is calculated using the Arrhenius plot (Eqn. (10)). A MATLAB script (Appendix) has been developed to estimate the MSR reaction rate and kinetic parameters for both PL and LH rate formulations. Fig. 2 shows a flowsheet indicating the main logic of this script.
Results & discussion
A step-by-step investigation on intrinsic MSR kinetics has been carried out in this work to obtain reliable kinetic trends. As the first investigation, preliminary results have been presented for methane reforming on the Ni current collector. The following subsections describe the main results obtained using the PL and LH kinetic models and a comparison between MSR kinetics using both approaches. As the last subsection, results based on equilibrium calculations have been presented to investigate carbon deposition.
Methane reforming on Ni current collector (mesh)
In order to check the extent of the MSR reaction on the Ni-mesh and in the ceramic (alumina) block (in the absence of catalyst), a preliminary experimental test was carried out in this work. The test was carried out using an anode inlet gas composition of 33% vol CH 4 , 37% H 2 O and 30% N 2 and a total volumetric flow rate of 1200 mln min À1 for two cell temperatures of 900 C and 800 C. Table 5 shows methane conversion obtained with and without (ceramic block and pipes) the Ni mesh. As shown, methane conversion with only the ceramic block (without a Ni-mesh) is rather low and negligible. For the case with the Ni-mesh, it is seen that methane conversion is still relatively high (10%) and not completely negligible, particularly at higher temperatures. The results reported in this work therefore indicate MSR kinetics on the combined SOFC anode and Ni-current collector (mesh).
The test carried out in this work was with a high (flooded condition) inlet volumetric flow rate. The total volumetric flow rate is an important parameter for this investigation as it directly affects the gas residence time (defined as the ratio of reactor volume and the total volumteric flow rate). For lower volumetric flow rates i,e higher residence time it is expected that methane conversion will be higher. This is an important consideration particularly for kinetic studies at high SOFC fuel utilizations. Additional experiments need to be carried out to verify this and establish more quantitatively the extent of methane conversion on the Ni-mesh; however this study clearly indicates that methane steam reforming on the metallic current collector may not be always negligible (except for low operating temperatures) and must be considered in SOFC kinetic studies. The following sections describe the results obtained using PL and LH formulations following with a brief section on carbon deposition. Table 6 lists the experimental methane conversion (Eqn. (4)) at 3 different cell temperatures and 7 inlet gas compositions(see Table 2 ). The kinetic study using the PL formulation has been performed by analyzing various paramters like MSR reaction rate (at various operating temperatures, inlet gas compositions and current densities), reaction orders and the activation energy. Fig. 3a shows the MSR reaction rate distribution using the PL rate equation (Eqn. The rate constant normalized reactor length has been calculated on the basis of methane conversion (x) and the maximum rate constant k. The MSR reaction rate increases with increasing operating temperatures, verifying previous studies in literature [7, 17, 26] . The plot further indicates a decreasing reaction rate along the fuel channel with p CH4 highest at the inlet and decreasing along the channel (See Fig. 3d ). Fig. 3d shows a sharp increase in the hydrogen partial pressure (p H2 ) and a gradual increase in CO partial pressure (p CO ) along the reactor length, despite a decrease in the MSR reaction rate. Under open circuit conditions, bulk of the produced hydrogen (also produced with the WGS reaction) remains unconverted and furthermore the WGS reaction is assumed to reach equilibrium relatively fast. This results in an sharp increase in hydrogen concentration and a gradual increase in CO concentration along the reactor length. Fig. 3b shows the variation in the MSR reaction rate at T cell ¼ 800 C with varying inlet gas compositions (p CH4 , p H2O ) as listed in Table 2 . The plot indicates a relatively strong positive influence of the methane partial pressure p CH4 on the reaction rate (compositions D, E, F and G). This observation additionally verifies the similar trend reported in literature [7, 17, 22, 23, 27] . Furthermore it is also seen that the reaction rate is more strongly dependent on variation in p CH4 (D, E, F, G) than the variation in p H2O (A, B, C, D) . Under open circuit conditions, steam has a mixed effect (positive influence when A and B are compared, negative influence when B, C and D are compared) on the MSR reaction rate. However it can be seen that the rate is fairly independant of the steam partial pressure (p H2O ) under the investigated range of operating conditions, confirming previous reports [22, 23] . 
Power law (PL) kinetics
Role of electrochemical oxidation
Under the influence of current, part of hydrogen produced via the MSR and WGS reaction is electrochemically oxidized to produce H 2 O (see Eqn. (3)). 
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. The plot indicates an increase in the MSR rate, although the increase is relatively marginal. The reaction rate is seen to increase slightly ( < 2%) with increasing current densities. A slight increase in the outlet methane conversion (x) with increasing current densities as shown in Table 6 additionally verifies this trend.
Comparison between the species partial pressure at open circuit (Ic0) conditions and under load (at 3000 A (m 2 ) À1 ) is also shown in Fig. 3d . The marginal increase in the MSR reaction rate is also reflected in the methane partial pressure distribution. A slight reduction in p CH4 is observed with current. The plot also shows a significant decrease in p H2 and a significant increase in p H2O under load due to electrochemical oxidation. Fig. 3e shows the Arrhenius plots for various current densities and the linear fit (see Eqn. (10)) used to calculate the activation energy (E a ) and pre-exponential Fig. 2 . Flowsheet indicating the approach for data fitting to obtain kinetic parameters.
Table 5
Methane conversion(x) on Ni current collector and ceramic block/pipes at 800 C and 900 C.
Cell Temperature 900.00 800.00
Ni-Mesh 0.20 0.10 Ceramic block 0.02 0.01 factor (k 0 ). The plot indicates a decreasing rate constant k with increasing current densities in agreement with previous studies [7] . Fig. 3f shows the variation in the methane and steam reaction orders (a CH4 and a H2O ) with varying current density. Under the influence of current, a CH4 is positive and a H2O is negative. A positive methane reaction order and a negative steam reaction order is also in agreement with previous findings in literature [7, 30] . However, the reaction orders are seen to be dependant on the current density.
With increasing current density, it is also seen that a CH4 increases while a H2O decreases. The strong decrease in a H2O at higher current densities is thought to be due to the higher steam concentration in the anode due to electrochemical oxidation. A more rapid decrease in the steam reaction order compared to the methane reaction order with increasing current densities also indicates the significant difference in the reaction rate between MSR (Eqn. (1)) and H 2 electrochemical oxidation (Eqn. (3)). The local current density in an operating SOFC can vary significantly along the channel length. It is seen from this study that simplified global kinetic models using the PL rate expression yields a large set of reaction orders dependant on the local current density and hence it is concluded that such simplified approaches may not be suitable to develop global MSR kinetic models. The next subsection describes the results obtained with the Langmuir-Hinshelwood (LH) kinetic model.
Langmuir-Hinshewood kinetics
In order to assess MSR kinetics with operating SOFCs, it is of utmost importance to first assess equilibrium conditions using the inlet gas compositions ( Table 2) . As aforementioned in section 3.3, the driving force (df) term (see Eqn. (21)) gives an indication of the reaction equilibrium. df should in principle be zero at conditions of equilibrium ensuring a zero reaction rate. Table 7 lists the values for the equilibrium constant for the MSR (K eq,msr ) and WGS reaction (K eq,wgs ) which have been used to calculate df . Fig. 4a, Fig. 4b and c show the driving force distribution along the normalized reactor (channel) length for varying operating temperatures (at open circuit (Ic0) conditions and composition D), varying gas compositions(at T cell ¼ 800 C and open circuit (Ic0) condition) and varying current densities (at T cell ¼ 800 C and composition D) respectively. The plots indicate a high driving force near the inlet as the methane and steam partial pressure is highest near the inlet. The driving force decreases along the channel length due to the difference in species partial pressures (p CH4 , p H2O , p CO , p H2 ), indicating that conditions near the anode outlet are closer to equilibrium. With a reduction in the cell temperature, df increases principally due to a lower K eq,msr and differences in the species partial pressures. Under the influence of current (Fig. 4c) , it is seen that df increases along the channel when compared to open circuit (Ic0) conditions. This can be explained based on the fact that part of the produced hydrogen with the MSR reaction is consumed under the influence of current facilitating a higher driving force for the forward MSR reaction to occur.
MSR reaction equilibrium
4.3.2.
Influence of temperature and inlet gas composition on MSR reaction rate Fig. 5a shows the MSR reaction rate distribution along the normalized channel length at various operating temperatures for open circuit (Ic0) conditions and composition D. In addition, rate distributions are also shown for open circuit (Ic0) conditions and composition A (dashed curves). The plot indicates that MSR reaction rate increases with increasing operating temperatures. The reaction rate is maximum near the fuel inlet which is also in agreement with the PL prediction (see Fig. 3a) . Fig. 5d indicates a subsequently decreasing methane partial pressure p CH4 distribution along the reactor length. Fig. 5b shows the variation in the MSR reaction rate at T cell ¼ 800 C and open circuit (Ic0) condition with varying inlet gas compositions. The plot clearly reconfirms the dominant role of inlet methane partial pressure p CH4 (composition D, E, F and G) compared to the steam partial pressure. Fig. 5c shows the LH MSR reaction rate distribution along the normalized channel length at open circuit (Ic0) and current densities of 500 A (m 2 ) À1 and 3000 A (m 2 )
Role of electrochemical oxidation
À1
. The MSR reaction rate is seen to increase rapidly near the anode inlet (higher methane partial pressure) and reach a maximum near the inlet. Thereupon, the reaction rate decreases along the reactor length. When the cell is operated on current, multiple processes occur within the anode which lead to a shift in the reaction rate maxima and a more gradual increase in the MSR reaction rate compared to open circuit (Ic0) conditions. Due to electrochemical hydrogen oxidation (Eqn. (3)), additional steam is produced increasing the partial pressure of steam, thereby lowering the MSR reaction rate [7, 17] . Additionally there exists an effect of the cell temperature. Considering the combined interaction and different rates between the endothermic MSR reaction (Eqn. (1)) and exothermic H 2 oxidation reaction (Eqn. (3)), the cell temperature is expected to vary under the influence of current. This temperature change has a direct influence on the MSR reaction rate. Thus, despite a net increase in MSR reaction rate under the influence of current, the local reaction rate is seen to increase more gradually under the influence of current. The effect of this is also visible in the species partial pressure distribution in Fig. 5d wherein the partial pressure of each specie varies more rapidly near the inlet under open circuit (Ic0) conditions. Fig. 5c also shows a comparison between the MSR reaction rates between PL and LH approaches. The plot clearly indicates a significant difference in the reaction rate distribution with both approaches. The LH rate expression predicts a much higher reaction rate, particularly near the channel inlet and a lower rate near the outlet. The net reaction rate (obtained by calculating the area under the rate curve) for the PL and LH case at open circuit (Ic0), T cell ¼ 800 C and composition D is 1.91e-04 mol (s m 3 ) À1 and
1.90e-04 mol(s.m 3 ) À1 respectively. This means that both the approaches predict the same net reaction rate but different rate distributions. Comparison between Figs. 3d and 5d also clearly shows that the species partial pressure change more rapidly in the LH case near the inlet compared to the PL case. The rate and species distribution are important considerations while predicting temperature gradients along the anode both with experiments and modeling. The fact that different kinetic approaches result in different local rate and species distribution along the channel length is an important aspect to be kept in mind to accurately predict temperature gradients in SOFC anodes. Table 8 shows the calculated exponents a (for steam) and b (for hydrogen) for varying current densities. Negative values of a indicate a negative effect of steam partial pressure on the reaction rate. A similar observation was made also using the PL formulation (section 4.2.1) under the influence of current. However a highly non linear dependancy is observed in the steam and hydrogen partial pressures on the current density. This suggests a complex reaction mechanism and additionally a need for further mechanistic investigations on the basis of elementary reactions. As aforementioned, the local current density in an operating SOFC can vary significantly along the channel length. Ideally, using a predictive kinetic model reaction orders/exponents must be independant of the local current density. The LH global kinetic model in essence yields a large set of exponents a and b depending on the local current density. Hence rate expressions based on previously proposed expressions for Ni-catalysts [59] may not be directly suitable to predict global MSR kinetics for cermet anodes. Fig. 5e shows the Arrhenius plots for various current densities and the linear fit (see Eqn. (10)) used to calculate the activation energy (E a ) and preexponential factor (k 0 ). The plots reconfirm the trend of a decreasing rate constant k with increasing current densities as shown in the PL case (see section 4.2.1). with varying current densities both with the PL and LH rate expressions. The PL rate expression yields a lower activation energy compared to the LH rate expression. As the LH rate formulation also takes into account the adsorption/desorption enthalpies, the activation energy predicted with the LH rate is expected to be higher than the PL rate expression [55] . The values of activation energy predicted by both approaches are in agreement with previously reported values in literature [7, 15, 17, 31] . Furthermore, it is seen that PL activation energy seems to be fairly constant with varying current densities. Results with the LH kinetic model indicate a larger difference in the activation energy compared to the PL, however this deviation is not very significant. A comparison between both approaches indicates that electrochemical oxidation (current) may not be causing a significant change in the activation energy. A detailed explanation on this can be obtained only on the basis of a more detailed investigation into the elementary MSR reaction chemistry. This investigation hasn't been focussed to address in detail the reaction mechanism on Ni-GDC anodes. However the qualitative kinetic trends obtained in this work are helpful to deduce mechanistic details by comparison with elementary MSR kinetics on Ni-GDC anodes. A positive reaction order with respect to methane with both approaches is consistent with literature indicating methane adsorption as one of the rate controlling steps. This research, which clearly shows significant differences in the parametric (temperature, species) profiles along the channel length with PL and LH approaches can be directly used to assess the suitability of rate expressions by comparing with more detailed experiments. Extensive temperature probing and gas analysis along different points in the reactor could be used to obtain more accurate temperature and species distributions along the channel length. Research on such experimental activities is on-going in our research group and the results presented in this article are very helpful for comparison with such experiments and for further assessing the suitability of kinetic rate expressions.
It is well known that ceria plays an important role in the intrinsic MSR kinetics. Elementary MSR kinetics have been studied previously for Ni/YSZ anode supports by researchers [13, 14] . They have proposed intrinsic micro-models with an extensive reaction mechanism with 42 elementary reactions involving 6 gas phase and 12 surface adsorbed species. Such models are very helpful and crucial for fundamental understanding and to obtain detailed parametric profiles across the fuel/oxidant channels. However, there hasn't been any research efforts yet to study elementary MSR kinetics on ceria based SOFC catalysts/anodes. In order to develop a more detailed kinetic model with a mechanistic outlook, additional experimental studies focussing on elementary reaction chemistry need to be carried out. Furthermore, based on elementary steps, energetics have to be evaluated using methods like UBI-QEP [60] and reactor network models. Based on fitting results obtained using experimental methane conversion and a comparison to the energetics obtained from elementary kinetics, indications could be obtained regarding the reaction mechanism and the rate determining step(s). Based on these rate determining step(s), global kinetic models could be developed which can be further readily implemented in dynamic cell/stack/system level models. This is out of scope for this work, however it is highly encouraged as a future research activity to improve our understanding on MSR intrinsic kinetics in Ni-ceria based operating SOFCs.
Carbon deposition
Carbon deposition is one of the most important operating challenge for SOFCs operated with hydrocarbon fuels. Presence of carbon containing species like CO, CO 2 and CH 4 on the anode side can lead to carbon formation. To check effects of the relatively low inlet S/C ratios used in this work, a brief analysis was carried using equilibrium calculations in Factsage (a commercial program to carry out multiphase equilibrium calculations) [61] and scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM-EDX).
Thermodynamic equilibrium calculations are helpful to indicate theoretical limits for the operating paramters like temperature and S/C ratio. Fig. 6a shows a ternary diagram indicating the carbon (C), hydrogen (H) and oxygen(O) mole fractions at the anode inlet and anode outlet for two gas compositions (A and D) at T cell ¼ 770 C. As it can be seen conditions at the anode inlet are closer to the gassolid equilibrium line. Another important aspect to note is the right shift in the outlet conditions under the influence of current. As current is drawn more steam is produced due to the electrochemical hydrogen oxidation (Eqn. (3)) and this causes the O/C ratio to increase. Fig. 6b shows the oxygen to carbon ratio along the channel length at various current densities. Operating the cell at higher current densities causes the steam and oxygen concentration to increase along the channel. Furthermore, the O/C ratio decreases more rapidly under open circuit conditions compared to when operated under load. Fig. 7 and Fig. 8 show the SEM image and the line plot from the EDX analysis respectively. Fig. 8 indicates the presence of a relatively low amount of carbon in the anode. This insignificant carbon count is attributed to cell manufacturing and deposited carbon species (intermediate) on the catalyst surface. No carbon deposition was observed visually on the anode surface after experimentation.
Conclusions
This article highlights the importance of carrying out experimental internal MSR global and intrinsic kinetic studies with complete Ni-ceria cermet anodes under the influence of current and for low S/C ratios. Further, it brings forward some limitations of using previously proposed rate equations to study global MSR kinetics on complete cermet anodes. A first of its kind comparative study has been performed using power law (PL) and LangmuirHinshelwood (LH) reaction rate expressions, to assess the effects of using different global kinetic formulations. The study further reports a trend analysis for various kinetic parameters such as reaction rate, reaction orders, activation energy and rate constants. Some important conclusions drawn from the work are listed below:
Methane steam reforming on metallic (Ni/Pt) anode current collectors (mesh) may not always be negligible (particularly for operating temperatures above 800 C) contrary to reports in literature. Both the PL and LH kinetic models predict exactly the same net MSR reaction rate, however there is a significant difference in the local rate and species distribution along the channel length. Despite both the approaches predicting a higher rate near the fuel inlet and lowest near the outlet, the LH approach predicts a much higher (peak) MSR reaction rate near the anode inlet compared to the PL approach leading to a different rate and species distribution. Both the global kinetic models show a large dependency of the reaction orders (PL) and exponents (LH) on the local current density, suggesting that simplified approaches (PL) and previously proposed LH rate expressions for Ni catalytic beds may not be suitable to study MSR kinetics on complete cermet anodes under the influence of current. Both PL and LH kinetic approaches show that electrochemical oxidation (current) promotes methane conversion and the MSR reaction rate, however the effect of temperature is seen to be more dominant. The MSR reaction rate is a strong function of the inlet methane partial pressure. Electrochemical oxidation (current) seems to cause an insignificant change in the global MSR activation energy. However, further investigations on elementary reaction chemistry are required to verify this observation.
The interaction between electrochemical oxidation (current) and the MSR reaction is highly complex suggesting the possibility of multiple rate determining steps depending of the operating condition; accurately predicting the intrinsic kinetics using a kinetic model requires the development of elementary reaction chemistry on Ni-ceria based anodes and further experimental investigations. No significant carbon deposition has been observed after the Ni-GDC cell was operated on methane with relatively low steam to carbon ratios of around 1.0e1.5.
The results obtained from this study provide insights into the influence of electrochemical reactions on MSR and show the sensitivity in results due to different kinetic formulations. This work is helpful in formulating and comparing future experimental work and subsequently to assess the suitability of different rate expressions for complete Ni-ceria cermet anodes. Research on such experimental activities is on-going in our research group. The results can also be used for comparison with intrinsic MSR kinetic models for Ni-ceria based cells. Furthermore, data presented in this work can be used towards numerical (CFD) and system model development/validation.
